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Influenza A viruses are characterized by their ability to evade host immunity, even in vaccinated individuals. To determine how prior immunity shapes viral diversity in vivo, we studied the intra-and interhost evolution of equine influenza virus in vaccinated horses. Although the level and structure of genetic diversity were similar to those in naïve horses, intrahost bottlenecks may be more stringent in vaccinated animals, and mutations shared among horses often fall close to putative antigenic sites.
E
quine influenza virus (EIV) of the H3N8 subtype is a significant horse pathogen and an important example of influenza emergence, as it recently transferred into dogs and became established as a novel canine influenza virus (1) . EIV is subject to strong immunological pressure (2) , and antigenic drift can result in outbreaks of disease even in vaccinated horse populations (3) . We have previously studied the intrahost evolution of EIV in naïve horses (4) and during a field outbreak (5). To determine how prior immunity impacts intra-and interhost EIV evolution within a controlled experimental setting, we performed a transmission study using vaccinated horses challenged with a heterologous EIV (6) and examined the intra-and interhost genetic variation of the hemagglutinin 1 (HA1) gene domain at different times postinfection. All animal work was performed under license from the Home Office under the Animals (Scientific Procedures) Act 1986 following full ethical approval.
Welsh Mountain ponies were vaccinated with inactivated whole virus prepared from the Eurasian strain A/equine/Newmarket/2/93. Before the virus challenge experiment, antibody levels in vaccinated horses were measured by single radial hemolysis (SRH) (7) until most declined to Ͻ60 mm 2 , a value normally low enough to allow natural infection, including in a previous contact experiment (J. Mumford, unpublished data). A "seeder" (S) horse (naïve to EIV) was experimentally inoculated via nebulized aerosol (20 ml of log 10 10 6.3 /ml of 50% egg infective dose [EID 50 ]) of the American strain A/equine/Newmarket/1/1993. The aim of this step was to readapt the egggrown inoculum to the horse. Two days later, the seeder horse was housed with a vaccinated horse (V1). V1 was then removed and housed with V2. This procedure was repeated until horse V4, which did not show clinical signs of infection. For this reason, V4 was cohoused with V3 and then moved to a stable with V5. Throughout the study, each horse was cohoused with the next recipient horse for 3 days. Infection of horses was confirmed using an enzyme-linked immunosorbent assay (ELISA)-based test to measure virus excretion (8) . SRH was used to detect seroconversion and confirm transmission. Clinical signs were recorded daily, and nasal swabs were collected and processed as previously described (4, 5) . Nasal swabs were RNA extracted, and viral copy numbers were determined by qRT-PCR as described previously (4) . The hemagglutinin gene (HA1) was amplified by PCR from viral populations of sufficient size with the exception of the sample obtained from horse V4, which was amplified by heminested PCR because it exhibited a low copy number (primers available on request). PCR products were cloned and sequenced using capillary sequencing as described previously (4, 5, 9, 10) .
Transmission was successful up to horse V4 (Fig. 1A) , and horses shed up to Ͼ10 6 viral copies/l of cDNA (Fig. 1C ). All horses except V4 showed mild signs of influenza infection and seroconverted (data not shown). Horse V5 was not infected (it did not seroconvert, and no virus was detected in nasal swabs). Horses V1, V3, and V4 shed less virus than horse V2 (Fig. 1C ), the animal with the lowest antibody levels before entering the transmission chain (data not shown) and whose shedding pattern was higher than that observed in the seeder horse.
We generated between 34 and 79 clonal HA1 sequences (a total of 549,927 nucleotides) from 10 daily nasal swabs. HA1 sequences were 903 nucleotides long and included all antigenic sites and the receptor-binding domain. A summary analysis of intrahost variation is shown in Table 1 . Overall, we detected 126 mutations, which resulted in a mutation frequency of 2.3 ϫ 10 Ϫ4 mutations per nucleotide site, similar to the value observed in naïve horses (1.8 ϫ 10 Ϫ4 ) (4). Mutations were distributed throughout the HA1 segment (data not shown), and the ratio of nonsynonymous to synonymous substitutions per site (dN/dS) for the whole data set (estimated using HyPhy [11] ) was 0.84 and, hence, very similar to the value (0.80) observed in naïve horses evaluated in a similar manner (4) .
To estimate changes in genetic diversity of within-host viral populations, we compiled sequences from individual horses and aligned them using Se-Al (http://tree.bio.ed.ac.uk/software/seal/). We calculated the mean pairwise distance (Table 1) using PAUP* (Sinauer Associates, version 4.0b10) and inferred median joining networks using Network 4.6.00 (http://www .fluxus-engineering.com/sharenet.htm) to visualize the structure of the mutational spectra. All data sets resulted in star-like phylogenies (Fig. 1B) in which most sequences were identical to each other and had no evidence of evolution through secondary branching events, and mutant clones usually differed at one nucleotide with respect to the consensus sequence. Such phylogenetic structure is similar to that observed in naïve animals (4). We further divided all haplotypes by (i) host, (ii) sampling day, and (iii) viral population (host and day) and measured the overall differentiation in the data set as described previously (12) using D est (13) . We observed small but significant levels of subpopulation differentiation when samples were divided by viral population (0.0010; P ϭ 0.026) but not by sampling day (0.0004; P ϭ 0.128) and almost-significant values when divided by horse (0.0010; P ϭ 0.057). Accordingly, we infer that interhost transmission plays a role in shaping patterns of intrahost diversity of EIV by allowing the generation of "private" mutations. In addition, some variants (14%) displayed nonsynonymous mutations at putative antigenic and glycosylation sites as well as at the receptor-binding domain (data not shown) such that they were able to exhibit altered antigenicity and/or host range, although the observation that they were present only as singleton mutations suggests that positive selection had little effect on their frequency. Notably, no mutations were present on multiple days from the same horse, suggesting the presence of strong intrahost population bottlenecks between sampling points. Despite this, we did detect common mutations in different animals, and it is striking that all of these common mutations were nonsynonymous and fell either at putative antigenic sites (14) or very close to them (within a range of nine amino acids) ( Table 2) . We next examined the impact of prior immunity on withinhost viral populations by determining the variation of the HA1 gene of EIV in vaccinated horses. The levels of variation (mean pairwise distances and mutation frequency), the topology of the inferred trees, and the dN/dS ratio that we observed are similar to those previously reported in naïve horses (4), in vaccinated horses naturally infected during an outbreak of EIV (5), and in a previous study on the evolution of a swine influenza virus (SIV) in naïve and vaccinated pigs (10) . Hence, the rapid production and turnover of mutations are the dominant signals in intrahost populations of influenza virus, regardless of the genetic background of the virus and the immune status of its host. It may be that the effect of prior immunity (presumably principally effected through circulating antibody) is simply to dampen the rates of replication in a relatively nonspecific manner prior to the initiation of an adaptive immune response at the site of infection. Any time lag depends on various factors, such as the size of the resident memory cell population, the match between viruses during past and current infections, the time elapsed between infections, and the local inflammatory response (15) , which, in turn, may be differentially modulated depending on the virus strain.
However, while mutational dynamics appear to be similar between vaccinated and naïve animals, our study did reveal two factors that might reflect the impact of prior immunity on withinhost viral populations (although the small number of animals precludes definitive conclusions). First, within-host bottlenecks seem to be more stringent in vaccinated animals, as we did not observe any mutations that persisted between sampling times, in contrast to previous studies of naïve animals (4, 10). Although it is possible that such mutations were present but not detected due to insufficient sequencing depth, this evolutionary pattern is similar to what was previously observed in SIV in vaccinated pigs (10) and suggests that viral clearance within the host might be more efficient in vaccinated animals. Second, all of the mutations that are shared between horses were located at or very near putative antigenic sites, although it is unclear whether they are convergent, representing similar selection pressures among horses, or are transmitted among them as minor subpopulations. Further studies with a larger number of animals and deeper coverage (i.e., ultradeep sequencing) should be performed to confirm this finding. Overall, our results highlight the significance of studying influenza infections in natural hosts with prior immunity, as they can shed light on the underpinning mechanisms that govern genetic (and likely antigenic) variation and thus provide insight on strain selection for the development of more-effective vaccines.
Nucleotide sequence accession numbers. The clonal HA1 sequences generated from the daily nasal swabs were deposited in GenBank under accession numbers KC295823 to KC296431. (5) a Amino acid numbering is based on mature HA3. b Underlined motifs are located within nine amino acid residues of their respective antigenic site. c Horses are indicated as in Fig. 1 .
